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With the exponential growth of computer technology in recent decades, the demand for more 
accurate simulation on a larger scale has increased in scientific computing. In particular, in the field of 
electromagnetic wave analysis, numerical methods based on integral equation methods and a design 
scheme using an optimization algorithm have been intensively studied for large-scale and practical 
applications. 
The objective of this dissertation is to develop a fast electromagnetic solver based on integral 
equation methods and an efficient design procedure using an optimization algorithm for solving 
large-scale and practical electromagnetic radiation and scattering problems. This dissertation includes 
four subjects of research. 
In all of the subjects, the following two issues are fundamental: 
 
(1) reduction of the computational cost of matrix-vector products in iterative linear 
system solvers 
(2) improvement of the convergence properties of iterative linear system solvers and 
optimization algorithms 
 
In the first subject, we address issue (1) for the development of a fast electromagnetic solver 
based on the method of moments (MoM). We use a combination of the wavelet transform method 
(WTM) and the MoM for alleviation of the matrix-vector product (MATVEC) computation. An 
important point here is that the effectiveness of sparsification of the dense coefficient matrix by the 
WTM depends on the geometry of the scatterer as well as on the nature of Green’s function. That is, 
one drawback of the WTM is that when the scatterer is discontinuous in the space domain, as in the 
case of a scattering problem with multiple scatterers, sparsification is not satisfactory. To overcome this 
drawback, we define an alternative wavelet transform by using an orthogonal transform in conjunction 
with the original wavelet transform. To be more precise, the first step in the proposed method involves 
the construction of a partial wavelet transform matrix and the generation of the full-size matrix by 
arranging the precomputed submatrices. Then, to convert the full-size matrix into an orthogonal matrix, 
the partial matrices are multiplied by the elements of a Hadamard matrix. The proposed method is 
efficient for solving problems with a finite periodic structure, which is common in antenna applications. 
Numerical experiments reveal that, compared to the conventional approach, the proposed method 
yields a sparser coefficient matrix than does the conventional approach, and achieves more significant 
saving in CPU time, with sufficiently accurate solutions. 
 
Using the method explained in the previous subject, we can reduce the computational complexity 
of the MATVEC and accelerate the numerical analysis based on the MoM. However, since the method 
requires direct computation of the dense coefficient matrix, it still suffers from an unacceptable 





large-scale problems. Besides, since the method works effectively only for problems with a finite 
periodic structure, its applicability is limited. Against the aforementioned context, the second subject 
aims at providing a solution to issue (2) and thus facilitating a more practical and generalized 
application. The solver in this part of the study is based on the MoM in conjunction with the fast 
multipole method (FMM) to expedite the MATVEC computation. For the linear system solver, flexible 
Krylov subspace methods (KSMs), a class of methods in which preconditioning can be different for 
each step, are employed. As the FMM does not explicitly generate a coefficient matrix, it is generally 
difficult to construct an efficient preconditioner by using only conventional static preconditioning 
techniques. On the other hand, KSMs can accept a variable preconditioner constructed from the FMM 
operator; hence, these methods can help maximize the efficiency of the FMM. In general, it is desirable 
to carry out the MATVEC computation within the variable preconditioner with the least possible effort. 
However, there is no definite rule for determining the optimal accuracy of the FMM in the variable 
preconditioner. The main contribution of this subject of research is to clarify the relationship between 
the overall efficiency of the inner-outer flexible generalized minimal residual algorithm (FGMRES), in 
which FGMRES is used for the outer solver and generalized minimal residual algorithm (GMRES) is 
used for the inner solver, and to increase the accuracy of the MATVEC within the variable 
preconditioner. To this end, we use the following feature of multipole techniques: control of the 
accuracy and computational cost of the FMM by choosing an appropriate truncation number that 
indicates the number of multipoles used to express far-field interactions. Accordingly, we construct two 
FMM operators with different levels of accuracy: a highly accurate version for the outer solver and a 
less accurate and cheaper version for the inner solver. To verify the proposed method, we perform 
numerical experiments on scattering and radiation problems with mixed dielectric and conducting 
objects. We employ the volume-surface integral equation (VSIE) formulation and the combined 
tangential formulation (CTF). The results of the numerical experiments reveal that there is an optimal 
accuracy for the FMM within the variable preconditioner, and a moderately accurate FMM operator 
serves as an optimal preconditioner. 
 
The method described in the second subject can be used for generalized and practical 
electromagnetic wave analysis. However, since the proposed method has large memory requirements, a 
large-scale computing system is needed. As a result, to promote the utilization of the developed solver, 
we explore another approach to issue (2) for the development of a fast solver that can be applied in a 
small-scale computing environment. The numerical solver discussed in this subject is again based on 
the KSM and the FMM-accelerated MoM. We attempt to use a new type of KSM solver, i.e., the 
induced dimension reduction (IDR)(s) method. A unique feature of the IDR(s) method is that the 
residual vector converges to a zero vector because the dimensions of the spaces to which the residual 
vector belongs decrease monotonically in accordance with the IDR theorem. However, there is an 





residual norm (RRRN) at convergence becomes much larger than the predefined tolerance, and the 
phenomenon tends to frequently occur for problems with high geometrical complexity. Due to this 
problem, IDR(s) has not attained practical-use level in the field of electromagnetic wave analysis. In 
this study, using electromagnetic scattering problems with different geometrical complexities, we 
investigate the convergence performance of the IDR(s) and conduct in-depth experiments on the 
relationship between the parameter s and the tolerance to spurious convergence. In the numerical 
experiments, we observe that when s is set to a high value, spurious convergence frequently occurs 
even with the acceleration of the convergence. Hence, for high geometrical complexity, s should be set 
to a low value to avoid spurious convergence. In the real-life example of airplanes, the IDR(s) shows 
better convergence than do generalized product-type based on bi-conjugate gradient methods 
(GPBiCG) and GMRES(m), although s has to be set to a value smaller than 8. In addition, it is 
confirmed that the IDR(s) is more advantageous than GMRES in terms of memory requirements and 
well suited for small-scale computing environments. 
 
According to all the methods and results presented in the preceding three subjects, accurate and 
fast electromagnetic wave analysis can be carried out in several scale computing systems. However, in 
a practical design scenario, we require not only an analysis technique but also a systematic design 
scheme that is independent of the designer’s preference and subjectivity. Hence, as a part of the fourth 
subject, we establish a design method having reproducibility, reproductivity, and systematicity. To be 
more specific, we deal with issue (2) for the development of an efficient and practical radome design 
scheme. Layered dielectric radomes are frequently required in many applications to protect antenna 
systems from damage by meteorological and environmental conditions. Designing a radome is 
generally a formidable problem since several operating conditions such as operating frequency, beam 
scan angle, and arbitrary shape of the radome have to be taken into account. In practice, rigorous 
analysis and a simple design procedure are possible only for a few radomes with simple geometries. 
Therefore, we develop a design method based on an optimization algorithm. For the optimization 
method, we adopt the particle swarm optimization (PSO) algorithm, which has recently attracted 
considerable attention because of its preferable convergence property. However, since the diversity of 
the population is inevitably degraded owing to the ability of the PSO algorithm for information sharing, 
it has lower stability and reliability than does genetic algorithm (GA). To remedy this problem, we 
introduce a mutation in the original PSO algorithm. This simple modification provides diversity to the 
particles and causes perturbation of the PSO algorithm, and the reliability of the algorithm is enhanced 
without sacrificing its inherent simplicity. In the numerical experiments, we have successfully applied 
the proposed algorithm to the practical radome design problem; the transmission coefficient determined 
using the algorithm is consistent with the target value under all operating conditions of frequency 
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